Introduction
The persistence of retroviruses has become an important issue, particularly with regard to possible eradication of retroviral infections in domestic animals and with regard to the control of human retroviruses, particularly human immunodeficiency virus (HIV).
In the chicken experimental model system, the pioneering studies of Rubin (Rubin, 1962; Rubin et al., 1962) , demonstrated that chickens infected with avian leukosis virus (ALV) before or at hatching became persistently viraemic in the absence of virus-neutralizing antibodies. It has been proposed that ALV-associated viraemia is mediated by complete immunological tolerance, i.e. by a permanent state of unresponsiveness of the humoral and cellular components of immunity to ALV (Rubin, 1962; Meyers et al., 1976; Qualtiere & Meyers, 1979; Loan & Whiteaker, 1986) . However, Rubin (1962) has also described a different course of infection. Infection of chickens with ALV several days after hatching induced transient viraemia, the termination of which was accompanied by the formation of virusneutralizing antibodies; Rubin called these chicks immune birds. Later it was found that infectious virus could be detected in immune birds using tissue culture assays as long as 2 years after onset of virus-neutralizing antibody formation (De Boer et al., 1981) . It was demonstrated that such persistent infection of chickens with ALV results in a high frequency of malignancies, and is also associated with pathological phenomena which are non-oncogenic in nature (Spencer, 1984) .
The study of persistent ALV infection in chickens is complicated, however, by the presence of endogenous ALVs in most laboratory lines of chickens. These endogenous ALVs may influence the immunological reactivity to exogenous ALVs (Halpern et al., 1983) , and new viral variants may occur by recombination between endogenous and exogenous (Vogt & Friis, 1971) , which might in turn influence the persistence of inoculated virus in the host. Therefore, we employed another avian host for the study of ALV persistence: ducks of the semiinbred line Khaki-Campbell, because it is known that endogenous ALVs or ALV-related sequences are not present in the duck genome (Frisby etal., 1979; Chambers et al., 1986) . Ducks obviously are not natural hosts of exogenous ALVs (Purchase & Burmester, 1978) , but they have been experimentally infected with avian sarcoma viruses (derived from ALVs) and used for virological studies (Purdy, 1932; Duran-Reynals, 1942) . ALVs of subgroup C (ALV-C) multiply in vitro in KhakiCampbell duck cells to the same titres as in cells of natural hosts, the chickens (Shimikage et al., 1979; and infectious retrovirus can be demonstrated in blood cells of Khaki-Campbell ducks 1 year after in ovo infection with ALV-C .
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The basic strategy of this study has been the in ovo inoculation of ALV-C into duck embryos of different ages and subsequent analysis of the distribution of various forms of the virus, including infectious virus in serum, infectious virus rescuable from cells, and the DNA provirus. Furthermore, formation of virus-neutrab izing antibodies by the host and the pathological changes associated vith virus infection were examined.
Methods

Animals and viruses.
The animals used in all experiments were KhakiCampbell ducks of a semi-inbred line (Vilhelmovfi et al., 1972) . The hatch rate of this line is about 20%. Prague strain Rous sarcoma virus subgroup C (PR-C) was kindly provided by Dr E. H. Bernstein (University Laboratories, Highland Park, N.J., U.S.A.). The transformation-defective mutant of PR-C was isolated by Vogt (1971) ; this mutant is referred to as td PR-C throughout this paper.
Injections of td PR-C into duck embryos. Ducks were inoculated with td PR-C in ovo on days 1, 2, 14 and 16 of incubation. On days 1 or 2 of incubation duck embryos were injected with 20 ~tl of viral suspension [104 infectious units (i.u.) ] into the subgerminal cavity. These injections were done through a small aperture (diameter 1 mm) in the egg shell. Localization of the embryo was estimated and accuracy of inoculation was controlled by candling. On days 14 or 16 of incubation duck embryos were injected with 100 Ixl of virus (105 i.u.) into the chorioallantoic vein. During incubation embryos were inspected by candling and the dead ones were dissected.
Virus titration and cell culture methods. The titre of td PR-C in duck serum was determined by the complementation test with 16Q cells [quail cells harbouring the provirus of high-titre Bryan strain Rous sarcoma virus (BH-RSV) lacking the env gene (Murphy, 1977) ], according to and expressed as infectious units. Briefly, serial dilutions of duck serum were used for the infection of chicken embryo fibroblasts (CEFs) and after three passages CEFs were cocultivated with 16Q cells for 1 week. Formation of the transforming pseudotype of BH-RSV was measured by the focus assay. Ducks with the minimal titre of I i.u. per 0.2 ml of serum were considered viraemic.
The presence of virus in blood cells and in other tissues was also determined by this complementation test. Four ml of heparinized blood were washed three times with phosphate-buffered saline and cells of buffy coat together with approximately 108 erythrocytes were cocultivated with CEF for 1 week and then with 16Q cells for another week. Fragments from approximately 100 mg of various other tissues were cocultivated in a similar manner.
Virus-neutralizing antibodies in duck serum were measured by the neutralization test according to Hlo~finek & Svoboda (1972) . Briefly, heat-inactivated duck serum was incubated with 100 f.f.u, of PR-C at 37 °C for 1 h and then the fraction of surviving PR-C was measured by the focus assay. Classification of neutralizing capacity of sera was done according to Rubin (1962) . Because the fraction of surviving PR-C after incubation with sera from 10 control, uninfected ducks was in the range 1.2 to 0.3, the value 0.29 was accepted as the limit for the presence of weak neutralizing antibodies [see footnote in Table l Preparation of tissue DNA, restriction endonuclease analysis, DNA electrophoresis, and nucleic acid hybridization. These procedures were performed essentially as previously described (Svoboda et al., 1983) . Southern blots of EcoRI-or BgtII-digested duck DNA were hybridized to pATV-8 orgag 2 cloned DNA. The plasmid pATV-8, represents the whole genome of PR-C (Guntaka & Mitsialis, 1980) andgag 2 is a 1389 bp BamHI gag gene fragment subcloned from pATV-8.
Determination of the extent of integrated and unintegrated proviral copies in preparations of tissue DNA. The extent of total proviral DNA in duck tissues was determined visually on autoradiograms by comparing the intensity of a 2.4 kb EcoRI fragment with the same fragment in cells with one proviral copy per cell genome (H-20, Svoboda et al., 1983) and in cells with approximately 20 proviral copies per cell genome (XC, Svoboda, 1960; Varmus et al., 1973) hybridized to gag 2 probes essentially as described by Baba and Humphries (1984) . To estimate less than 1 proviral copy per cell, we included log2 serial dilutions of H-20 DNA which were hybridized to the gag 2 probe. Unintegrated proviral copies were distinguished from integrated ones according to diagnostic restriction enzyme fragments.
Results
Infection by inoculation of td PR-C in mid-embryogenesis
The infection of duck embryos on day 14 (group D 14) or day 16 of incubation (group D 16) resulted in a viraemic phase and a post-viraemic phase. Onset of the latter phase was usually observed approximately 4 weeks posthatching. The rate of decrease of viraemic birds was clearly more pronounced in group D16 (Fig. 1 ). Some birds in group D14 remained viraemic for more than 20 weeks after hatching and usually died within 1 year of life.
(i) The course of viraemia and virus-neutralizing antibodies
In the D14 group of ducks, the degree of viraemia and the titres of virus-neutralizing antibodies were measured. As shown in Table 1 neutralizing antibodies was most pronounced during the first 4 weeks after hatching; however, a maximum of 104 i.u./ml of virus was detected in the serum. In the course of the next 4 weeks, the viraemia decreased, accompanied by the appearance of low titres of virusneutralizing antibodies. At the same time, the nonviraemic birds synthesized comparable amounts of neutralizing antibodies. Between 8 and 20 weeks after hatching, all birds produced strong neutralizing antibodies, even those which maintained a low-grade viraemia for more than 20 weeks.
(
ii) Proviral DNA in different tissues
To characterize the quantity of td PR-C provirus in DNA from different organs of viraemic birds, the copy number of viral DNA was estimated on the basis of radioactive signal intensity obtained after the hybridization of the EcoRI fragment to the gag 2 probe (Fig. 2) . In Virus-neutralizing capacity of serum was expressed as the mean value of a fraction of surviving PR-C + so in the virus-neutralizing test. This value in ranges < 0-1, 0-1 to 0,29 and >0.29 was classified as strong, weak and no virus-neutralizing antibodies, respectively. § ND, Not determined (no non-viraemic ducks were present).
the viraemic phase of infection, the DNA provirus was detected in amounts of 1/16 to 1/32 copy per cell in most organs of D14 ducks (Table 2) . Substantially larger amounts of DNA provirus were observed only in stomach muscle tissue and in the thymus (one eighth to one copy per cell). The provirus was not found in the brain. Detected proviral DNA mostly represented the integrated form of the provirus. In stomach muscle tissue, the ratio of non-integrated : integrated forms was about 1 : 3, as determined by the sizes of DNA fragments obtained after digestion with BgllI and hybridization to the pATV-8 probe (data not shown).
At the beginning of the post-viraemic period DNA proviruses had almost disappeared, decreasing below detectable levels (1/64 copy per cell) in all the organs examined (Table 2) .
(iii) Persistence of td PR-C in the post-viraemic phase
Despite the loss of proviral DNA detectable by Southern blot hybridization and the presence of strong virusneutralizing antibodies, the virus persisted into the postviraemic phase. Virus was detected in blood cells of all D 14 ducks by the cocultivation assay, in most throughout the 3 year observation period (Table 3) . Only rarely was virus not found in blood cells, but it was detected upon later testing of blood from the same animal. Our results indicate that only a small fraction of D14 blood cells (weeks) * The number of ducks tested is given in parentheses. t Of the ducks tested for virus persistence in blood cells, five to seven birds were assayed for neutralizing antibodies.
For explanation of numbers expressing virus-neutralizing capacity of sera, see legend in Table 1 (:~) .
§ The 'negative' duck was positive when tested at 24 to 30 months post-hatching.
II ND, Not determined.
possess virus because at least 105 white blood cells or 106 red blood cells have to be cocultivated with CEFs to detect virus (Table 4) . Persisting virus was detected by the cocultivation assay in a number of other tissues of D14 ducks, in addition to blood cells (Table 5) . In D16 ducks, virus was rescued from blood cells of only half of the birds even when the same ducks were tested repeatedly at 3 month intervals (Table 3) . Four ducks without virus in their blood were assayed for virus presence in different organs (Table 5) . Surprisingly, virus was detected in all four of these ducks, most frequently in the thymus and/or breast muscle tissue. The persistence of td PR-C in both D 14 and D 16 ducks was highly stable. In 60 ducks followed for 1 to 3 years, not a single case of complete virus elimination was observed. The permanent presence of strong subgroup C virusneutralizing antibodies in all persistently infected ducks, both D14 and D16 groups (Table 3) , is in agreement with the persistent nature of infection and confirms that virus detected by the cocultivation assay retained subgroup C specificity. This specificity was verified in two isolates rescued from blood cells of one 5-year-old and one 4-yearold D14 duck by the virus-neutralizing test with PR-Cspecific neutralizing antibodies (data not shown). Furthermore, we tested the replication competence of persisting virus obtained by cocultivation of CEFs with blood cells of five D14 ducks (3 to 5 years old). All produced virus which efficiently complemented env-BH-RSV. The titre of a measured viral isolate reached 106 i.u./ml, which corresponds to normal titres of td PR-C.
'(iv) Pathological changes associated with persistence of td PR-C virus in D14 and D16 ducks
In the viraemic phase of infection no marked pathological changes were found. Hatchability of the inoculated ducks did not differ from that of non-inoculated controls. No pronounced mortality of D14 and D16 ducks in the first year of life was found except for very rare cases of long-term viraemic D14 ducks. There was no indication of humoral immunity suppression in D 14 ducks, because 11 ducks at 7 weeks of age (seven of them were still viraemic) synthesized comparable titres of antibodies 
* Organ fragments were cocultivated with CEF and 16Q cells (containing env-BH-RSV), and production of BH-RSV pseudotype was measured (see Methods). Results of cocultivation assay: (+), virus was detected; (-), no virus detected; ST, organ was not tested.
against antigens of Brucella abortus as did the eight uninfected controls.
Pathological changes were noted in the post-viraemic phase of infection in ducks older than 1 year. Of the 17 D14 and D16 ducks 1 to 3 years old, 12 showed a severe sclerotic damage of the liver associated with intense amyloid formation, four developed cholangioma, and there was one case each of differentiated hepatoma, hemangioma and round-cell sarcoma.
Infection by inoculation with td PR-C in early embryogenesis
When td PR-C virus was introduced on day 1 of incubation into the subgerminal cavity of duck embryos (D1, group), all the birds died before the end of the first week after hatching (Fig. 3) . Remarkable reduction of thymus tissue represented the only gross alteration found at autopsy. Slower manifestations of virus pathogenicity were observed in birds inoculated with virus on day 2 of incubation (D2 group) (data not shown). Of the 77 infected embryos, 10 ducks survived for 2 weeks after hatching. Of these, eight died within 8 months after hatching. Among D2 ducks there was a high proportion of birds with persistent viraemia (Fig. 1) . In two ducks with viraemia which persisted for more than 20 weeks, virus-neutralizing antibodies were detected between 10 and 20 weeks post-hatching. In four randomly selected ducks from group D1 and three ducks from group D2, the number of integrated and non-integrated DNA proviral copies was determined between day 1 and the fifth week after hatching. All the ducks tested showed a high content of total DNA provirus (from one fourth of a copy to eight copies per cell) in all organs examined (Fig. 4) . The highest content of DNA provirus was regularly found in breast muscle tissue (four to eight copies per cell). In contrast to group D14, stomach muscle tissue (one to four copies per cell) did not predominate in DNA provirus content, whereas a considerable amount of DNA provirus was found in the brain (one sixteenth to one copy per cell). In addition to integrated DNA provirus, the circular and linear nonintegrated forms were detected in all of the organs tested from D1 and D2 ducks. The ratio of integrated:nonintegrated forms was 2 : 1 to 4 : 1, respectively (Fig. 4) .
Discussion
The results document for the first time long-term persistence of ALV (td PR-C) in ducks infected during embryogenesis. In contrast to chickens, ALV produced only a limited viraemia followed by a post-viraemic period in which virus-neutralizing antibodies were produced. Therefore the immunological tolerance to ALV, postulated by Rubin (1962) as the mechanism of virus persistence in chickens, does not appear to apply in the duck host.
Even after the onset of antibody formation, virus persisted in all birds in different tissues throughout a 3 year period of testing (for a few cases tested, up to 5 years). Persisting virus retained subgroup specificity and replication competence of original td PR-C virus. Similar long-term persistence of ALV in the presence of neutralizing antibodies was described by De Boer et al. (1981) in chickens.
The type of virus persistence is not fully clear. Some data obtained in a few old D 14 ducks tested (Tables 2 and 4) suggest that virus persists in a small fraction of somatic cells in an intracellular form. However it is not possible to exclude reappearance of viraemia in some D 14 and/or D16 ducks in the post°viraemic phase, because in most cases the presence of viraemia was not tested concomitantly with the blood cell cocultivation virus assay. Nevertheless, we propose that after elimination of posthatching viraemia, all D14 and D16 ducks go through a phase in which virus expression is in some way blocked. Such lack of expression might be a consequence of infection of resting cells (Fritsch & Temin, 1977) , the influence of cis-acting regulatory signals (Cooper & Temin, 1976; Akroyd et al., 1987) , or methylation (Katz et al., 1983; Dyson et al., 1985) . Decreased expression of viral products should allow the infected cells to escape the immune surveillance directed against cells antigenically modified by ALV proteins. As the high titres of virus-neutralizing antibodies are produced in all animals, we have to invoke that either the low expression of provirus is enough for eliciting formation of such antibodies or that non-expressed proviruses become, with low efficiency, activated to produce infectious virus. Such activation might be a result of the action of some inducible cellular trans-activators on the viral genome, as exemplified in HIV (see Cullen & Greene, 1989) . There is also a possibility that some ALV-infected duck cells are 'hidden' from the immune surveillance and produce either infectious virus or might spread the infection by cell-to-cell contact after being released in the circulation (Narayan et al., 1982; Peluso et al., 1985) .
The immunoselective pressure against ALV was manifested in most of the ducks studied some time after the fourth week after hatching. Increased production of virus-neutralizing antibodies probably resulted in the elimination of circulating virus and the start of a postviraemic phase. Infectious extracellular viral particles disappeared and the DNA provirus content in most tissues dropped below the levels detectable by Southern blotting. A similar situation has been described by Baba & Humphries (1984 , 1986 in chickens infected with ALV after hatching; Welt et al. (1977) noted a decrease in viral protein content in most tissues of the chicken in conjunction with the loss of viraemia.
In the post-viraemic phase, virus was detected by the cocultivation assay in most tissues of DI4 ducks. The virus was not spread by virus-containing blood cells in the organs examined, as in D16 ducks which had no detectable virus in their blood cells. Virus was rescued most frequently from skeletal muscle tissue and from the thymus only in D16 ducks.
Similarly, proviral DNA persisted for the longest period in both tissues and thymus, and stomach muscles of viraemic birds contained the highest number of proviruses. In the organs of D1 and D2 ducks, the integration of provirus was more pronounced, usually above one copy per cell. The increased provirus integration found in muscles might be related to the efficient transcription of ALV and Rous sarcoma virus in myoblasts (Flamant et al., 1987; Howlett et al., 1987) .
Increased proviral DNA in the organs of ducks infected at earlier embryonic stages may result from an extended period of virus replication prior to antibody formation. Under such conditions the chance of infection is increased because proliferating progenitor cells rather than differentiated cells are exposed to the virus. Resistance of some differentiated cells to ALV (Gazzolo et al., 1975) and lack of provirus integration in nondividing cells has been clearly documented (Humphries J. Nehyba and others & Temin, 1974; Humphries et al., 1981) . In agreement with this possibility is the finding of proviral copies in the brain of D1 and not D14 ducks.
The long-term persistence of virus in ducks was accompanied by a few types of pathological changes. Most frequent was pronounced sclerosis of the liver with intense amyloid formation which may relate to the chronic stimulation of antiviral immunity (Karlson et al., 1987) . Association of the majority of malignancies, cholangiomas and hepatomas, with the liver is in agreement with the finding of Rigdon & Leibovitz (1970) that most of the spontaneous tumours in ducks are of hepatic origin. According to preliminary results, one sarcoma obtained did not contain acutely transforming virus but harboured about one copy of td PR-C provirus per cell. Whether or not the site of provirus integration is relevant to tumour formation is being investigated.
Despite the fact that td PR-C does not produce a c.p.e. on chicken fibroblasts, it causes severe anaemia in viraemic chickens . In D1 ducks, we consistently found thymus atrophy as the only macroscopic alteration suggesting that td PR-C can affect also the lymphoid cell lineage. In such birds, nonintegrated viral DNA was detected, up to four copies per cell, which is two orders of magnitude lower than the titres of non-integrated copies correlated with the c.p.e. produced by ALV (Weller & Temin, 1981) . Decreased hatchability of ducks inoculated intraembryonally with murine xenotropic virus was also observed by Levy et al. (1982) but was not further characterized.
Our findings indicate that after embryonic infection subgroup C ALVs persist for a long time in a fraction of cells of the adult duck host. The duck host has certain advantages over chickens for the study of ALV persistence. It is free of ALV-related endogenous retroviral genomes which might modify the persisting virus or change the immunological response to it. In ducks, it is possible to modify the extent of viral persistence and the degree of virus pathogenicity, depending on the embryonic stage used for virus inoculation. In fact, the duck model offers a reproducible system for the study of transition from viraemia to permanent virus persistence in a small fraction of cells. In this respect, there is considerable similarity with the persistence of lentiviruses where the virus, restricted in its expression in vivo can persist in a small fraction of cells even in the presence of virus-neutralizing antibodies (see reviews by Haase, 1986; Narayan & Clements, 1989) . The exact cause of the low production of virus in vivo as compared to in vitro and the mechanisms which keep the persisting virus in a silent but still activable state remain to be solved. From this point of view, the model of ducks infected intraembryonally with subgroup C ALV should be suitable for addressing these questions.
